Abstract We present an extension of the Geneva Monte Carlo framework to include multiple parton interactions (MPI) provided by Pythia8. This allows us to obtain predictions for underlying-event sensitive measurements in Drell-Yan production, in conjunction with Geneva's fully-differential NNLO calculation, NNLL resummation for the 0-jet resolution variable (beam thrust), and NLL resummation for the 1-jet resolution variable. We describe the interface with the parton shower algorithm and MPI model of Pythia8, which preserves both the precision of partonic N -jet cross sections in Geneva as well as the shower accuracy and good description of soft hadronic physics of Pythia8. We present results for several underlying-event sensitive observables and compare to data from ATLAS and CMS as well as to standalone Pythia8 predictions. This includes a comparison with the recent ATLAS measurement of the beam thrust spectrum, which provides a potential avenue to fully disentangle the physical effects from the primary hard interaction, primary soft radiation, multiple parton interactions, and nonperturbative hadronization.
Introduction
Exclusive Monte-Carlo event generators are an important tool to make theoretical predictions for collider observables. By including both perturbative and nonperturbative effects, exclusive generators are able to a e-mail: simone.alioli@cern.ch b e-mail: cwbauer@lbl.gov c e-mail: sguns@lbl.gov d e-mail: frank.tackmann@desy.de provide predictions for a wide range of observables, whether they are dominated by short-distance physics or not. They aim to correctly describe physical effects over a wide range of energy scales, including 1. The perturbative effects of the primary hard interaction, 2. The perturbative evolution of the products of the primary hard interaction, 3. Additional interactions between partons within the same proton (MPI) 4. Nonperturbative physics such as hadronization, beam remnants, transverse momenta in the colliding partons, etc.
For sufficiently inclusive observables, it is enough to include only the perturbative effects of the primary hard interaction to achieve precise predictions, and for such observables one can directly compare measured data against partonic calculations. For less inclusive, resummation-sensitive observables, the perturbative evolution of the primary interaction becomes important, while MPI and most of the nonperturbative effects still give a subdominant contribution. Finally, there is a large class of exclusive observables for which all physical effects mentioned above contribute to similar extent.
The concept of the underlying event (UE) [1, 2, 3, 4 ] was introduced as a means to describe the soft hadronic activity that underlies the primary hard interaction. Typically, the effects arising from MPI are directly associated with the UE, and the traditional approach taken to study the UE is to define observables that have strong sensitivity to MPI and for which the effect from the primary interaction is reduced. In the following, we call such observables UE-sensitive observables. However, in principle all of the above contributions can give rise to the effects that are experimen-tally associated with soft activity and the underlying event, which makes a precise theoretical definition of the UE challenging. For example, it is well known that including higher-order perturbative corrections to the primary interaction in parton-shower Monte Carlos can give a nontrivial contribution to traditional UE measurements [5, 6] . Similarly, interference effects due to perturbative soft initial-state radiation in the primary interaction can contribute to many observables in a similar way than MPI effects [7] .
UE-sensitive observables are typically constructed by dividing each event into distinct angular regions [4] . The "toward" and "away" regions are defined to be aligned with the directions of the products of the primary hard 2 → 2 interaction, while the "transverse" region is the complementary coverage of the solid angle. While the toward and away regions are typically dominated by the primary interaction, those effects are reduced in the transverse region. This makes observables measured in the transverse region sensitive to MPI. However, the effects from the primary interaction, in particular soft radiation and hadronization effects, give a sizable contribution in the transverse regions and need to be included in a proper description.
In recent years, there has been much effort to combine precision calculations of the hard interaction with fully exclusive Monte Carlo generators, which aim to describe the perturbative evolution of the primary partons and add nonperturbative physics and MPI effects through physical models. This started with the combination of leading order (LO) predictions for several multiplicities with parton showers [8, 9] , and shortly thereafter methods to combine next-to-leading order (NLO) calculations were developed [10, 11, 12, 13, 14] . By now there are several methods available to combine multiple NLO calculations with parton showers [15, 16, 17, 18, 19, 20, 21, 22, 23] . More recently, combinations of specific Drell-Yan like NNLO calculations with parton showers have been presented in Refs. [24, 25, 26, 27, 28, 29, 30] .
As the main focus of these theoretical developments is to increase the perturbative precision of the primary interaction, most studies of this focus on observables that are sensitive to primary perturbative effects (1. and 2. above) but are insensitive to MPI. Since the purpose of these methods is to combine the perturbative calculations with the versatility of fully exclusive Monte-Carlo generators, it is important to also study how well observables sensitive to soft hadronic activity and underlying event are described in these approaches, but so far there have been only few studies discussing the impact on UE-sensitive observables in detail [21, 31, 32, 33] .
In this paper, we perform such a study for the event generator Geneva [20, 30] interfaced to Pythia8 [34, 35, 36] , focusing on Drell-Yan neutral-current production. By comparing to UE-sensitive observables, the predictions depend on the perturbative calculations in Geneva, as well as the perturbative parton shower, the hadronization model, and the MPI model implemented in Pythia8. Of those observables, some are mostly independent of the hard interaction, while others contain sensitivity to both the long distance physics as well as the hard process (for example when long distance observables are shown in bins of the transverse momentum of the Z boson). We will show that predictions for observables that are mostly independent of the hard interaction, Geneva+Pythia8 yields results that are very similar to those obtained by running Pythia8 directly. This indicates that the constrained shower used in Geneva is not spoiling the accuracy of the parton shower, or the model used to describe MPI and nonperturbative effects. On the other hand, observables that have sensitivity to the hard kinematics are improved compared to Pythia8 standalone, as expected.
As already mentioned, while UE-sensitive observables are designed to enhance the effects of MPI, they still are very sensitive to the perturbative soft radiation from the primary interaction, and it is typically difficult to fully disentangle these two effects. An alternative approach [7] is to consider observables for which the perturbative (and in principle also nonperturbative) soft effects from the primary interactions can be explicitly accounted for with field-theoretic methods and calculated to high precision. This then allows one to more directly isolate the physical effects due to MPI and test its modelling. Beam thrust [37] (or 0-jettiness) provides such an observable. In Geneva, beam thrust is used as jet resolution variable and is resummed to NNLL accuracy, providing a precise description of the physics originating from the primary interaction. Thus, comparing predictions from Geneva interfaced to the hadronization and MPI model of Pythia with experimental data for this observable provides one of the best ways to isolate the effects from MPI. This paper is organized as follows: In sec. 2 we review the perturbative inputs in Geneva and how Geneva is interfaced with Pythia8. In sec. 3 we compare the predictions of Geneva+Pythia8 with DrellYan measurements from ATLAS and CMS of several UE-sensitive observables. In sec. 4 we present a comparison of Geneva+Pythia8 and data from ATLAS for beam thrust. Our conclusions are presented in sec. 5.
Review of Geneva and its Pythia8 interface
In this section, we discuss the theoretical setup of Geneva. We first review the partonic calculations used to obtain the NNLL +NNLO perturbative accuracy, and then the interface with the parton shower. We present here only the main results, and for a more detailed presentation of the method we refer the reader to refs. [20, 29, 30 ].
The partonic calculation
As discussed in detail in ref. [30] , Geneva separates the available partonic phase space into exclusive 0/1-jet and an inclusive 2-jet cross section:
each of which is fully differential in their jet phase space. Jet resolution variables T 0 and T 1 are used to separate the exclusive 0-jet from the inclusive 1-jet, and the exclusive 1-jet from the inclusive 2-jet cross section, respectively. By including the resummation of the T cut 0
and T cut 1 dependence to high order, the numerical values of these two jet resolution parameters can be chosen to be small, such that the phase space is dominated by the inclusive 2-jet sample.
The 0-jet cross section is given by
It is correct to NNLO at fixed order, and to NNLL in the resummation of the T 
where
dependence, and U (1) 1 (Φ 1 , T cut 1 ) the first order of its expansion in α s . The exclusive 1-jet cross section needs to include the Φ 2 contributions below the T cut 1 . To perform this integration one writes the integral over Φ 2 as dΦ 2 ≡ dΦ 1 dΦ rad , where Φ rad denotes the 3 additional radiation variables to define Φ 2 , and dΦ rad includes the appropriate Jacobian factor. This requires the introduction of a phase space map Φ 2 ≡ Φ 2 (Φ 1 , Φ rad ) for both the real-emission and the subtraction contribution. The two maps need not be the same, but they need to agree in the collinear and soft limits for the subtraction to pointwise cancel the IR singularities. We have labeled the two maps as Φ 2 (Φ 1 , Φ T rad ) and Φ 2 (Φ 1 , Φ C rad ), respectively. The real-emission and the subtraction contributions are then directly expressed as function of these maps as
It is important that the map
to be reproduced at NNLL . This is discussed in detail in ref. [30] . The map used for the subtraction is the standard FKS map [13] .
The expression for dσ
where the normalized splitting function P (Φ 1 ) described in [30] makes the T 0 resummation differential in the full Φ 1 phase space. Note that we have omitted the θ-functions enforcing the constraint T 0 > T cut 0
for notational simplicity.
The inclusive 2-jet cross section is given by
where U 1 (Φ 1 , T 1 ) denotes the derivative of U 1 (Φ 1 , T 1 ) with respect to T 1 , and we have again omitted the θ-functions enforcing the constraint T 0 > T cut 0
and T 1 > T cut 1 . The dependence on the map used for the projection Φ
is also kept manifest here. This must correspond to the inversion of the mapping from Φ 1 → Φ 2 used in eq. (3) for the real-emission contribution. However, such a map does not necessarily cover all of Φ 2 phase space, as it can omit nonsingular regions. Therefore, the regions in Φ 2 with T 1 < T cut 1 which are not covered by the phase space map have to be included in the inclusive 2-jet cross section above by means of the Θ T function.
Finally, we point out one important difference of the implementation used here compared to ref. [30] . In that paper, the T 1 resummation was performed to LL accuracy. While this was correct to the order stated, it left a logarithmic dependence on T 1 in the nonsingular contributions to eq. (5). This dependence can be removed by performing the T 1 resummation to higher accuracy. For the results of this paper we have implemented the resummation of T 1 to full NLL accuracy. Including the full kinematic dependence, the relevant NLL evolution factor is given by [38, 39] 
Here we have defined the functions
with r = α s (µ 2 )/α s (µ 1 ) and the dependence on T cut 1 is through the dependence on the scales
Here, T max 1
is the value at which the T 1 resummation is turned off, which is chosen near the maximum kinematically allowed value of T 1 for a given phase space point Φ 1 . The cusp and noncusp anomalous dimensions entering above are given by
The kinematical terms are
where p a , p b , and p 1 are the massless four-momenta of the Φ 1 phase space point, and p
The assignment of p a , p b , and p 1 to p q , pq, and p g is according to the flavor structure of Φ 1 . For example, for a→ Zg flavor structure we have p q = p a , pq = p b and p g = p 1 .
Interface to the parton shower
When running a parton shower on the partonic events generated by Geneva, one recovers the emissions that were integrated over in the definitions of the jet crosssections. This includes the integrations over the real emission below T cut 0
and T cut 1
for the exclusive 0-and 1-jet cross sections, and also the integrations over higher multiplicities that are included through the resummation in the inclusive 2-jet rate. The parton shower must act in such a way that it does not affect the integrated jet cross-sections, while at the same time giving fully exclusive final states with a large multiplicity of particles. The difficulty is in telling the parton shower how to cover precisely those regions of the phase space which were integrated over. In particular, the phase space map
) results in very complicated integration hyper-surfaces when written in terms of the parton shower variables.
In ref. [20] , where e + e − → jets was considered, these constraints were implemented by explicitly restricting the kinematics of the showered event. The approach taken in ref. [30] improved on this. Since the precise definitions of the phase space maps are only required for the multiplicities covered by the perturbative calculation (up to 2 extra partons for the case considered), one can perform the emissions up to Φ 2 using analytical resummation that is based on the exact phase space maps used, and only let the parton shower handle the emissions after that point. Thus, one analytically adds the first emission off a Φ 1 event, down to the scale Λ 1 , using the T 1 resummation and phase space map contained in Geneva, giving
The remaining constraint on the shower is now much simpler, namely T 2 (Φ N ) ≤ T 1 (Φ 2 ), and no constraint on T 0 (Φ N ) and T 1 (Φ N ) is applied. This enforces that the subsequent emissions do not give the dominant contribution to T 1 . The T 2 (Φ N ) ≤ T 1 (Φ 2 ) constraint is implemented through a veto, which retries the shower until the resulting event satisfies it. This effectively sets the starting scale of the shower to T 1 (Φ 2 ), essentially mimicking a T M -ordered shower for M ≤ 2. It was shown explicitly in ref. [30] that this implementation retains the perturbative accuracy of the partonic calculation, including the NNLL +NNLO accuracy of the T 0 distribution.
Interface to multiple parton interactions
In ref. [30] , the focus has been on the description of the primary interaction and correspondingly on observables that did not have sensitivity to MPI. For this reason, MPI was turned off when interfacing to Pythia. Adding a model of MPI to the constrained shower requires some care.
The factorization formula underlying the perturbative description of the Drell-Yan beam thrust spectrum in Geneva [37, 40] dσ
describes the primary hard interaction as well as its perturbative evolution. The beam functions describe the effects of perturbative collinear initial-state radiation (ISR) to O(α 2 s ) [41, 42] . The soft function S describes soft ISR and contains contributions due to interference between soft ISR from the two colliding partons, which contributes to UE-sensitive observables. On the other hand, MPI effects are not captured by eq. (14) [43, 44] .
The jet resolution variables T N chosen in Geneva are sensitive to MPI effects. This is because N −jettiness is a global observable, such that every particle in the final state contributes, whether it arises from a primary or secondary partonic interaction. Since only effects from the primary interaction are included in the perturbative description of Geneva, the effects from MPI are unconstrained. Therefore, the kinematical constraint T 2 (Φ N ) ≤ T 1 (Φ 2 ) should only be applied on the showering of the primary interaction, and should not include the effects of MPI. The simplest way would be to first add the parton shower to the partons from the primary interaction as produced by Geneva, applying the shower constraints discussed above. After that, MPI effects can be included without any constraints.
In the Pythia8 Monte Carlo, however, the primary shower and the MPI effects are interleaved [45] . The solution we adopt is to separate the final state particles into those that arise from the showering of the primary interaction, and those that arise from MPI. This can be achieved using the event record in Pythia8, which keeps track of the origins of each particle in the final state 1 . Upon checking if the showered event passes the kinematical constraints, we only use final state particles originating from the primary interaction in the calculation of T 0 and T 1 . The MPI model included in the parton shower is therefore allowed to violate the kinematic constraints, while the perturbative part of the shower is not.
As discussed above, MPI contributions are not properly captured by eq. (14) . For this reason, we currently rely entirely on the MPI model in Pythia [2, 47, 45] to describe the corresponding physics. Over the past few years, there has been significant progress in the proper field-theoretic description of the associated effects, see e.g. [48, 49, 50, 51, 52, 53, 54, 55, 43, 56, 44] , and in the future, one can envision the extension of the perturbative calculations used in Geneva to include such effects, at least in part, which would then directly constrain the MPI model.
Comparison with ATLAS and CMS data
Both ATLAS [57] and CMS [6] have measured observables sensitive to the UE activity in Drell-Yan events. In this section we compare Geneva predictions to these measurements. We also include the results from a standalone Pythia8 run with the same tune, to investigate if and how adding the NNLL +NNLO perturbative effects of Geneva to Pythia8 changes those results
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We expect that for observables that are not sensitive to hard interactions, Geneva+Pythia8 is close to the results of Pythia8 alone, showing that the implementation discussed in sec. 2 does not spoil the logarithmic structure of the shower. For observables which are sensitive to the hard interaction, we expect that the more 1 Note that this separation only makes sense if rescattering effects [46] , which allow the scattering of particles from the primary interaction with particles arising from MPI, is turned off. 2 We remind the reader that standalone Pythia8 results for Drell-Yan production by default include a first-order matching to the leadind-order matrix elements that allows to populate the hard jet regions.
accurate perturbative information in Geneva gives an improvement in the description of the data.
For the results presented in the following we have run Geneva for Drell-Yan production pp → Z/γ * → µ + µ − at a center-of-mass energy of 7 TeV, using the central set of the PDF4LHC15 [58] NNLO parton distribution functions from Lhapdf6 [59] . All the matrix elements, including color and spin-correlations, are obtained from OpenLoops [60] , which improves speed and stability compared to the previous implementation. The invariant mass for the muon pair has been restricted to the range 60 < m µ + µ − < 120 GeV. The other parameters relevant for our calculation are
The renormalization and factorization scales in the fixedorder contribution and the hard scale in the resummation part are taken equal to the dilepton invariant mass. Both are varied by a factor of 2 in either direction to estimate the fixed-order uncertainties. The resummation uncertainties are evaluated using appropriate profile scale variations [61, 62, 63] , and the total perturbative uncertainties are obtained according to the procedure presented in ref. [30] .
For the parton shower, we use Pythia 8.215 [36] with different tunes. The default tune shown in the following is the CMS tune MonashStar [64] (tune 18 in Pythia8), also known as CUETP8M1-NNPDF2.3LO, an underlying-event tune based on the Monash 2013 tune [65] .
In the following plots, we show in red (blue) the results of Geneva+Pythia8 with (without) the MPI model turned on. For comparison, we also show the results of standalone Pythia using the same default tune as a green histogram. The statistical uncertainties associated with Monte Carlo integration are not shown, since they are negligible for most of the observables presented below. The perturbative uncertainty associated with scale variations is shown as a band of the same color as the corresponding Geneva central prediction. These should be interpreted as the theory uncertainty on the perturbative part of our calculation, which only includes the effects of the primary interaction, and it is therefore reported for illustrative purposes. For many observables we will show, the dominant part of the actual theory uncertainty will be given by secondary interactions and nonperturbative physics.
To estimate these effects, we also provide results for the ATLAS UE Tune AU2-CT10 [66] (tune 11 in Pythia8) and the Pythia 8.215 default tune Monash 2013 (tune 14), which were chosen to represent the typ-ical range of tune variations. We also report the result for ATLAS Tune AZ [67] (tune 17 in Pythia8). At variance with the other tunes, the ATLAS Tune AZ started from tune 4C and uses data for the Z-boson transverse momentum, without explicitly including recent UE-sensitive measurements from the LHC. We therefore expect its agreement with data to be less optimal for UE-sensitive measurements, but we report it as an indication of the uncertainties associated with the choice of tune. In the following plots, the central values for these other tunes are shown as dashed lines of similar color as the corresponding Geneva or Pythia prediction for tune MonashStar.
Finally, in order to limit the contamination from different physical effects and to keep the event record as simple as possible both Geneva and Pythia8 predictions do not include any QED or EW showering.
ATLAS
The underlying event observables used in the comparison with ATLAS data are based on the charged particle tracks in each event. The transverse momentum of the muon pair is used as a measure for the hardness of the event. Observables are shown as differential distributions in a certain p Z T range, or their mean value is plotted as a function of p Z T in profile histograms. Each observable is divided in three different angular regions defined with respect to the Z-boson direction. The toward region subtends an azimuthal cone of angle 2π/3 around the Z-boson direction. The away region is the cone of azimuthal size 2π/3 directly opposite the toward region, and the transverse region covers the remainder of the solid angle. The transverse region is further separated on an event-by-event basis by measuring the sum of the charged-particle transverse momenta in each one of the two opposite contributing regions. The region with more activity is labelled "trans-max" while the other is labelled "trans-min". The difference between them for a given observable is usually referred to as the "trans-diff" region [3, 68] , although it does not actually represent a region. This additional separation is helpful because while soft UE effects are expected to contribute equally to the "trans-min" and "transmax" regions, further primary perturbative radiation should contribute more to "trans-max". Therefore, in the "trans-diff" contributions to observables the UE effects are expected to largely cancel enhancing the sensitivity to the primary radiation component.
The observables we consider are the number of charged particles per unit η-φ, N ch /δη δφ , the scalar p T sum of stable charged particles per unit η-φ, p T /δη δφ, and the average p T of charged particles, p T . Figure 1 shows the mean p T per charged particle as a function of charged particle multiplicity, both in the transverse and the away region. Geneva without MPI effects has a much larger p T for events with many charged particles than observed and is clearly inadequate to describe the data. This is because MPI adds many soft charged tracks to collision events, which has the effect of lowering the mean p T per charged particle. However, with MPI turned on, Geneva describes the data quite well, and its agreement is roughly at the level of Pythia standalone. Figure 2 shows the differential p T /δη δφ distribution for p Z T < 5 GeV. At such low values of p Z T one expects the extra perturbative effects included in Geneva to matter less than MPI and nonperturbative effects. As expected, Geneva without MPI clearly fails to capture the shape of the distribution, and it undershoots it for p T > 200 MeV. Once MPI is turned on, Geneva agrees well with standalone Pythia both in the toward and transverse region. Among the various tunes, ATLAS tune AZ (tune 17) clearly performs worse, which reflects the lack of updated UE-sensitive information in its input. The other tunes agree very well with the data, which clearly supports that the procedure for interfacing Geneva to Pythia does not spoil the shower accuracy of Pythia.
For p Z T > 110 GeV, as shown in fig. 3 , Geneva and Pythia both agree well with each other (within the larger statistical fluctuations that appear in presence of such a hard cut). They also agree well with the data in the transverse region, while in the toward region Geneva gives a better description of the data at high values of p T /δη δφ. The better agreement of Geneva could be due to the more accurate perturbative information included, however a more detailed understanding of the interplay between the perturbative and nonperturbative physics would be required to make a definite statement.
Similar results are obtained for the N ch /δη δφ distributions. For p Z T < 5 GeV shown in fig. 4 , Geneva without MPI is clearly not giving enough charged tracks, while both Geneva with MPI and Pythia standalone give roughly the same predictions (both disagree with the data somewhat). For p Z T > 110 GeV, as shown in fig. 5 , differences between Geneva and standalone Pythia develop again. For the central tune we have chosen, Pythia agrees slightly better with the data, however, the uncertainties from the Pythia tunes are large. Again, ATLAS tune AZ (tune 17) seems to be in worse agreement with data.
Averaging each observable allows one to look at the description of the data across the whole p Z T spectrum. Figure 6 shows the average of p T /δη δφ as a func-tion of p Z T . As before, Geneva without MPI does not describe the data at all. Pythia on its own falls below the data as p Z T increases, whereas Geneva stays closer to the data even for very high (> 100 GeV) bins of p Z T in both regions. This is also evident in Figure  7 , which shows the same obervable in the "trans-min" and "trans-diff" regions. While the tuning of Pythia manages to bring it into fair agreement with data in the more UE-sensitive "trans-min" region, the lack of an higher-order description of primary radiation results in Pythia undershooting the measurements at high p Z T in the less UE-sensitive "trans-diff" region. The predictions of Geneva are instead in good agreement with the data in both regions.
The N ch /δη δφ distribution as a function of p Z T in figures 8 and 9 follow a similar pattern, but the agreement of Pythia8 with the data is overall much better than for the average p T /δη δφ distribution, and the difference between Geneva and Pythia is less pronounced. Both are in reasonable agreement with the data. In the "trans-diff" region, both Pythia standalone and Geneva without MPI approach the data at high p Z T , while Geneva with MPI now overshoots the data. This is a clear indication that some primary effects have been tuned into Pythia's MPI model.
CMS
The CMS analysis uses similar UE-sensitive observables and event region definitions. CMS candidate events also only include di-muon events, with 81 < m µ + µ − < 101 GeV. Fig. 10 shows the N ch /δη δφ and p T /δη δφ distributions as a function of p Z T for relatively small p Z T < 100 GeV. As expected, MPI effects are required for a proper description of the data. Again Geneva agrees well with standalone Pythia for both observables. Fig. 11 shows the differential N ch and p T spectra in the toward and transverse regions, with no restrictions on p Z T (note that unlike ATLAS, here the p T spectrum is plotted rather than the p T spectrum). Geneva agrees well with Pythia on the N ch distribution, and both underestimate the charged track density for low N ch and overestimate it for N ch > 10. Agreement between Pythia and Geneva on the p T spectrum holds only for low values of p T . Geneva agrees with the data within 20% across the whole p T spectrum, while Pythia predicts a comparatively softer spectrum for p T > 3 GeV. Again, a more careful theoretical study is required to understand whether the increased agreement can be attributed to Geneva's higher perturbative accuracy.
Beam thrust event shape
One issue with tuning the modeling of the underlying event is that the observables used in determining the tunes are typically sensitive to several physical effects, both perturbative and nonperturbative. As discussed in the previous section, for UE-sensitive distributions that have dependence on the hard kinematics, the inclusion of the correct perturbative physics is important to describe the data. However, while any higher-order perturbative calculations matched to parton showers can reproduce the hard physics at fixed order, usually they do not account for soft perturbative physics associated with the primary interaction. For this reason, it is difficult to disentangle the perturbative effects of the primary interaction, MPI, and nonperturbative physics when tuning the underlying-event model.
By choosing an observable for which the underlying primary perturbative physics is known precisely, one can get a better handle on the effects due to MPI. Recently, ATLAS has measured the normalized beam thrust distribution 1/σ(dσ/dT CM ) [69], where
Here p T i and η i are the transverse momentum and rapidity of each particle in the final state but excluding the decay products of the vector boson. The beam thrust 0-jet resolution variable used by Geneva is defined as
where Y V is the rapidity of the vector boson. As discussed in sec. 2.3, Geneva includes the perturbative contributions to beam thrust from the primary interaction to NNLL +NNLO accuracy, which includes in particular soft ISR effects. While the two observables are not exactly the same, they are closely related and have the same underlying resummation structure [37, 70] . They only differ in the dependence on Y V , leading to some differences in the resummed contributions. However, upon integrating over Y V and matching to full fixed order, the final distributions for both variables are nearly identical. (A detailed study of this Y V dependence in a slightly different context can be found in ref. [63] .) Hence, Geneva essentially predicts the primary perturbative contributions for T CM at NNLL + NNLO accuracy. On the other hand, MPI and nonperturbative hadronization effects are not included in Geneva's perturbative input, but have a large effect on the beam thrust spectrum. Due to the sum over all particles, any secondary collision contributes to beam thrust, such that defined by summing only over charged final-state particles, and is thus directly sensitive to hadronization effects. perturbative effects independent of perturbative contamination.
In fig. 12 , the comparison of Geneva+Pythia8 with the data is shown. One can clearly see that without including the effects of MPI, one cannot reproduce the data. However, once MPI effects are included, Geneva+Pythia8 agrees well with the data. The noticeable exception is when the ATLAS AZ tune (tune 17) is used, in which case Pythia8 standalone and to a lesser extent Geneva+Pythia8 undershoot the data even for moderate values of T CM . This can again be traced back to the lack of recent UE-sensitive inputs in the ATLAS AZ tune. Note that while standalone Pythia gives a good agreement with the data for 5 GeV < T CM < 40 GeV, it falls below the data for T CM > 40 GeV. Geneva+Pythia8, on the other hand, describes the data much better, especially at larger values of T CM . Given that Geneva includes the perturbative soft ISR effects at high logarithmic accuracy, the fact that the predictions are in such good agreement with the data indicates that the MPI is modeled well by the Pythia tune we have chosen. Figure 13 compares Geneva+Pythia8 for the T CM distribution in different regions of transverse momentum of the Z boson. This introduces a dependence on the p Z T spectrum in the measurement. While the overall shape is still described well by Geneva+Pythia8, a slight discrepancy develops in the tails of the distribution at large T CM . This is most likely due to the fact that the p Z T distribution is predicted with lower accuracy in Geneva compared to the beam thrust distribution. As expected, there is better agreement in the p Z T > 25 range, where the p Z T spectrum starts to be dominated by the fixed-order calculation.
Conclusions
We have presented a study of UE-sensitive observables for Drell-Yan neutral-current production in the Geneva Monte Carlo framework. By adding the ability to turn on the MPI model included in Pythia8, one obtains an accurate description of observables that are sensitive to both hard and soft physics. UE-sensitive observables often contain contributions from the primary hard interaction, e.g. charged particle tracks coming from the hadronization of hard jets that recoil against the dilepton system in Drell-Yan processes. In sec. 3 the predictions of Geneva+Pythia8 are compared against measurements from ATLAS and CMS for a variety of UEsensitive observables. In all cases MPI is clearly needed to accurately describe the data. Using the transverse momentum of the muon pair p The dependence on the tune used in Pythia illustrates the necessity to tune the models contained in Pythia. Traditionally, one uses a wide variety of UE sensitive observables to constrain these models, in particular the effects from MPI. However, as discussed, UE-sensitive observables are not only affected by the details of the MPI model chosen, but also depend on the soft radiation pattern in the primary interaction. For this reason, it is quite difficult to disentangle these two effects from one another. Comparing measurements and predictions of an observable for which the perturbative effects from the primary interaction is known to higher order, including the soft radiation, will allow to isolate the MPI effects. One such variable is beam thrust, which is predicted in Geneva perturbatively to NNLL +NNLO and has recently been measured by interfaced to GoSam and their merging within MiNLO,
